INTRODUCTION
============

The role of intrinsic DNA curvature in biologically important functions has been well documented. Curved DNA fragments are often found near functionally important sites, such as promoters and origins of replication ([@b1]--[@b5]). In eukaryotic cells, the genomic DNA is packed by histones into nucleosomes, which in turn form higher-order structures of chromatin. The structural organization of DNA in prokaryotes and archaeabacteria is somewhat less well understood. Sso7d and Sac7d are two small (∼7 kDa), abundant and basic chromosomal proteins from the hyperthermophilic archaeabacteria *Sulfolobus solfataricus* and *S.acidocaldarius*, respectively. Sac7d and Sso7d have unfolding temperatures \>90°C (0.3 M KCl, pH 7.5,) and both are acid stable with *T*~m~\'s of \>60°C at pH 0. Both proteins bind to DNA without marked sequence preference and increase the *T*~m~ of DNA by more than 40°C ([@b6]--[@b9]). The extreme thermal, acid and chemical stability associated with these proteins makes them an attractive system for a variety of studies.

The crystal structures of several Sac7d/Sso7d-DNA complexes have revealed an unexpected DNA-binding mode ([@b10]--[@b14]). Binding of Sac7d/Sso7d causes a sharp kink in DNA and introduces significant DNA unwinding. They may play a role in the packing of DNA to organize chromatin structures in these archaea, which lack histones. Furthermore, they offer insights into the possible role of several classes of the minor groove DNA-binding proteins, including TBP ([@b15]--[@b17]), PurR ([@b18]), LacI ([@b19]), IHF ([@b20]), HU ([@b21]), HMG1 ([@b22]), SRY ([@b23]), LEF-1 ([@b24]), Sox2 ([@b25]), HMG-D ([@b26]) and NHP6A ([@b27],[@b28]). The structures of these protein--DNA complexes have revealed a common theme whereby a protein inserts one or more hydrophobic side chains into DNA from the minor groove, unstacking two contiguous base pairs and thus producing noticeable kinks of the DNA duplex to varying degrees at one or more sites. However, these proteins possess very different global folds and they use different strategies for DNA recognition and binding ([@b29]--[@b31]). Interestingly, both Sac7d and TBP use hydrophobic amino acids on a β-sheet for the intercalation. These proteins also remodel the DNA conformation in distinct ways. The 60° single-step kink in the Sac7d/Sso7d-DNA complexes caused by Val26 and Met29 is the largest known value in a protein--DNA complex to date.

In these Sac7d/Sso7d-DNA complexes, the protein structure is similar to that of the unbound protein, consisting of an incomplete β-barrel with a triple-stranded β-sheet orthogonal to a β-hairpin. The small β-barrel is capped by an amphiphilic C-terminal α-helix. The triple-stranded β-sheet is placed across the DNA minor groove with the intercalation of the Val26 and Met29 side chains into DNA. The remarkable ability of a small, but stable, protein to sharply kink DNA may have implications in protein design. Here, we investigate the interaction and binding property of different Sac7d mutants of Val26 and Met29 with DNA. These two hydrophobic side chains were systematically changed to either smaller or larger sizes. Our results will help understand the molecular basis of protein-induced DNA kinks. New proteins may be engineered to modulate the extent of DNA curvature.

MATERIALS AND METHODS
=====================

Purification of Sac7d and crystallization of Sac7d-DNA complexes
----------------------------------------------------------------

The recombinant Sac7d mutant proteins were prepared and purified according to the published procedure ([@b6]). The purified protein was dialyzed against de-ionized water and stored as a lyophilized powder. These mutant--DNA complexes have been crystallized using the sitting drop vapor diffusion method at room temperature under similar condition as for wild-type Sac7d, except that the protein/DNA ratios were \<1. The detailed crystallization conditions are summarized in Table 1S.

Data collection
---------------

Protein--DNA complex crystals were mounted on nylon loops and immediately frozen in liquid nitrogen. Data were collected at −150°C and processed by HKL/HKL2000 ([@b32]) program suite. Synchrotron data were collected at the BL17B2 beam line at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan and BL18B beam line of Photon Factory (PF) (KEK, Tsukuba, Japan). In-house data were collected using MSC MicroMax 002 with a Rigaku R-Axis IV^++^ image-plate detector system. The crystal data and refinement statistics are given in [Table 1](#tbl1){ref-type="table"}. Datasets for crystals of the Sac7d M29F mutant in complex with the GCGATCGC, and the bromo-dU derivative, GCGAU^br^CGC were both collected to 2.5 and 1.9 Å resolutions, respectively. The crystals have the same unit cells and space group for these two complexes, and therefore only the higher resolution data set for the M29F-GCGAU^br^CGC complex is given in [Table 1](#tbl1){ref-type="table"}. For the two monoclinic crystal forms, the M29F-GCGAU^br^CGC complex contains two molecules in an asymmetric unit, whereas the other M29F-GTAATTAC complex has only one.

Phasing and structure refinements
---------------------------------

The structures of single mutants (V26A, M29A and M29F) complexed with DNA (GCGATCGC or GTAATTAC) were solved by the molecular replacement method using the program AMORE ([@b33]) in the CCP4 ([@b34]) suite or the CNS-SOLVE ([@b35]) program. The phase angles for V26A/M29A--GCGATCGC complex were first determined by SAD experiment on its iodine derivative V26A/M29A-GCGAT^i^CGC at 2.0 Å and further improved by MAD experiment on its bromine derivative V26A/M29A-GCGAT^br^CGC at 1.9 Å. The phases for V26F/M29F-GCGATCGC complex structure were determined by MAD experiment on its bromine derivative V26A/M29A-GCGAU^br^CGC at 2.5 Å. The wt-Sac7d protein and DNA models were manually fitted into the SAD/MAD maps calculated using program SOLVE/RESOLVE ([@b36],[@b37]) with solvent flattening. Several distinct changes in the mutant--DNA complex structures were made using the program O ([@b38]). All refinements were carried out against \|*F*~o~\| \> 0σ data, using the simulated annealing and individual temperature factor refinements procedures incorporated in the program CNS. Free R factor was used to monitor the refinement. The stereochemical quality of the refined structures was evaluated using the program PROCHECK ([@b39]). DNA conformations were analyzed using the program X3DNA ([@b40]). Figures were prepared using the programs MOLSCRIPT ([@b41]), Raster-3D ([@b42]) and GRASP ([@b43]). Figure 2S was generated using the program NUCPLOT ([@b44]). The atomic coordinates of the eight Sac7d mutant--DNA complexes have been deposited in the RCSB Protein Data Bank. The accession numbers are listed in [Table 1](#tbl1){ref-type="table"}.

RESULTS
=======

Overall structure of the complex
--------------------------------

The crystal structures of eight Sac7d mutant--DNA complexes have been determined and refined at high resolution ([Table 1](#tbl1){ref-type="table"}). All φ/ψ angles and other conformational parameters in these structures fall within the acceptable regions. [Figure 1a and b](#fig1){ref-type="fig"} shows the overall structure of the V26F/M29F--GCGATCGC complex and some representative (2*F*~o~ − *F*~c~) electron density maps of the V26A/M29A--DNA complex, respectively.

In these complexes, the five mutant protein structures are similar to wt-Sac7d, except for the loops 9--11, 36--39 and 48--52. Using backbone atoms from residues 10--60, the root-mean-square deviation (r.m.s.d.) values between the mutant- and wt-Sac7d proteins range between 0.24 and 0.86 Å. For the M29F--GCGATCGC complex, the asymmetric unit consists of two crystallographically independent and structurally similar complexes (the r.m.s.d. value between α-carbons of the two M29F--DNA complexes is 0.46 Å). The DNA structures of these two complexes are almost identical at the intercalation site, but different away from the binding site due to crystal packing.

These five mutants all bind to the minor groove of the DNA duplex and produce different kinks in DNA. Conformational changes occur in the DNA duplexes to match the protein surface. Numerous van der Waals contacts and hydrogen bonds occur between DNA, protein and associated water molecules. However, significant differences are found. The V26A and M29A single mutants are much similar to the wild-type protein. In the M29F--GCGATCGC complex, the Phe29 side chain of M29F mutant penetrates into the C2pG3 step without stacking with one of the base pairs. Together with the side chain of Val26 positioned vertically, they induce the largest sharp kink (∼80°) and disrupt the stacking of two adjacent base pairs.

For the V26F/M29F and V26A/M29A double mutants, the crystal structures reveal unprecedented changes. The Phe26 side chain in the V26F/M29F--GCGATCGC complex intercalates deeply into the gap of DNA bases by π--π stacking interactions with G3 base. Whereas the side chain of Phe29 is stacked on the deoxyribose of G15. In contrast, the V26A/M29A protein binds at the G3pA4 step and bends the DNA helix smoothly over several base pairs with a smaller overall kink angle (∼50°). Its crystal packing pattern is very similar to the Sso7d--DNA complex crystal structure (Sso7d-GCGAACGC/GCGTTCGC or Sso7d-GTGATCGC), but not to any of the other Sac7d/mutants--DNA complexes.

DNA deformation
---------------

In previous studies of the Sac7d/Sso7d--DNA complex structures, we observed that binding of Sac7d/Sso7d caused a sharp kink in DNA octamers ([@b10],[@b11]). The helical structure of DNA is significantly altered by a side chain intercalation. In order to accommodate intercalating side chains, the minor groove is widened, and the helical twist locally is reduced, accompanying with a significant positive roll at one or more base steps.

The Sac7d mutants induce two kinking modes: 'smooth bending' and 'kinked bending' ([Figure 2a and b](#fig2){ref-type="fig"}). The DNA conformation in the V26A/M29A--GCGATCGC complex is quite different from those in other Sac7d/Sso7d--DNA complexes. The DNA bending angles are 11°, 29° and 12° from the C2pG3, G3pA4 and A4pT5 steps, respectively, totaling 52°. The two small alanines cause a smaller, gradual 'smooth bending' of DNA by partial unstacking and rolling of several consecutive base-pair steps.

The binding sites of the DNA bound to wt-Sac7d (or its mutants) are located at different places in the complexes: at the C2pG3 step for GCGATCGC and at the central region of the A3pA4 step for GTAATTAC, respectively. The base at the 3′ end of the intercalating site is always a purine (G3 in GCGATCGC and A4 in GTAATTAC). Interestingly, Trp24 N^ɛ1^ always forms a hydrogen bond to its purine N3 atom. In eight Sac7d mutant--DNA complexes, the DNA-binding patterns and unit cells are quite different from each other, but the Trp24 residue plays a similar role like that in the wt-Sac7d-DNA complex. The binding site of the V26A/M29A in GCGATCGC shifts 1 bp, from the G2pC3 to the G3pA4 step and its Trp24 forms a hydrogen bond (3.0 Å) between indole NH group and the A4N3, a purine base at the 3′ side of the intercalating site ([Figure 1b](#fig1){ref-type="fig"}).

The DNA kink angles induced by the same single mutant protein (V26A, M29A or M29F) are all bigger at the C2pG3 than those at the A3pA4 step, especially in the M29F-DNA complexes. The mutant M29F uses the same conformations of Val26 and Phe29 to introduce the largest kink of ∼80° for the GCGATCGC, but a smaller kink of ∼68° for the GTAATTAC, close to that in the wt-Sac7d--DNA complex ([Figure 2c](#fig2){ref-type="fig"}). The Val26 side chain in the M29A--GTAATTAC complex penetrates horizontally into the ApA step, whereas in other Sac7d--DNA complexes, the valyl group is vertically intercalated ([Figure 3a](#fig3){ref-type="fig"}). The horizontal intercalation of Val26 causes a smaller roll angle (∼48°) than that in the vertical intercalation (∼68°). The M29A protein lacks the bulky side chain to force apart the central ApA base step that makes this unexpected conformation change of the Val side chain and causes the smallest overall bend angle (∼59°) among the 'kinked bending' DNA.

Analyses of the three helical parameters, roll ([Figure 2c](#fig2){ref-type="fig"}), twist and rise (Figure 1S), reveal proteins with the larger side chains (Met or Phe) that cause bigger rolls of DNA than those with the smaller side chains (Ala or Val). Smaller twist angles and larger rises of DNA are also caused by the proteins with larger side chains. Crystal structures reveal a more obvious effect on the DNA deformation by changing the size of the bulky Met29 than that of Val26. Biochemical studies also show the mutations at these sites will lead to decreased binding affinities to DNA (Tables 2S and 3S). Moreover, it appears that mutation effects on DNA-kinking and unwinding is directly proportional to how much these two residues are changed.

Upon binding to the Sac7d mutants, all DNA minor grooves are widened significantly and many nucleotides surrounding the wedged site adopt the less common C3′-endo (N-type) sugar pucker that is more akin to an A-DNA. The 'partial B-to-A like' transformation has been repetitively observed in many minor groove binding protein--DNA complexes ([@b45]). DNA kinking is coupled to the intercalation of hydrophobic amino acids, and the kinked DNA configurations are further stabilized by direct contact between hydrophobic side chains and sugar. This may be due to that A-like nucleotides provide larger hydrophobic surfaces for interactions than B-like nucleotides ([@b46]).

Contacts between Sac7d mutants and DNA
--------------------------------------

In previous structures of the Sac7d/Sso7d--DNA complexes, four adaptor molecules were always found at the interface between DNA and protein ([@b10],[@b11]). Arg42 is the only positive residue in the Sac7d--DNA interface. In all previous Sac7d/Sso7d--DNA structures, its guanidinium group forms hydrogen bonds with O2 atom of thymine, the third base after the intercalation site. The conformation of Arg42 in single-mutant complexes is the same with that in wt-Sac7d. However, in the V26A/M29A--GCGATCGC complex, the Arg42 adopts a very different conformation and occupies the space for those four-water adapters ([Figure 3b and c](#fig3){ref-type="fig"}). The guanidinium group now forms hydrogen bonds with both strands of the DNA. In the V26F/M29F--GCGATCGC structure, the guanidinium group also forms hydrogen bonds with two thymine O2 atoms, except Arg42 does not occupy the space for waters. These hydrogen bond(s) between NH~2~ of Arg42 to O2 of thymine determine the polarity of the Sac7d/Sso7--DNA binding, when DNA is not self-complementary.

The side chain of Ser31 in the V26A/M29A--DNA complex has the opposite orientation to that in the wild-type complex and it is almost in the plane of the G3-C14 base pair. The water hydrogen-bonded to the OG of Ser31 serves as an arm, extending into the gap between the DNA bases ([Figure 1b](#fig1){ref-type="fig"}). Interestingly, in both double mutant structures Ser31 has the similar water-mediated interactions with the DNA bases (Figure 2S).

The high resolution structures of the Sac7d mutant--GCGATCGC complexes afford a good opportunity to study the protein--DNA--water interactions in detail. As before ([@b10],[@b11]), four recurring well-ordered water molecules are observed in the buried cavity located between the protein and DNA surfaces near the intercalation site. They fill up the cavity and enable close packing of protein--DNA interface. The four-water arrangements in the three single mutant complexes are similar to those in the wt-Sac7d-DNA complexes, whereas those in two double mutants are quite different. The buried cavity between the V26F/M29F mutant and DNA becomes narrower than that in the wt-Sac7d-DNA complexes due to the phenylalanine/base stacking interaction between Phe26 and the G3 base. The four bridging water molecules rearrange in the longitudinal direction along the helix axis to match the shapes of the protein--DNA interface. In the V26A/M29A--GCGATCGC complex, the space for these four-water adapters is occupied by the Arg 42. The four bridging water molecules rearrange to locate closer to the G3--C14 base pair. As noted above, it supports the idea that these interfacial water molecules may act as 'modulators' for different Sac7d mutants binding to DNA of varying sequences, a property required for sequence-general DNA-binding proteins.

DISCUSSION
==========

The interactions of the minor groove intercalating proteins with DNA are primarily hydrophobic through amino acids, such as Val, Ile, Leu or Met, or the faces of aromatic amino acids (Phe or Tyr). [Table 2](#tbl2){ref-type="table"} shows the comparison of the intercalation geometry of the minor groove binding protein--DNA complexes.

Two types of hydrophobic intercalating interactions are observed in the M29F-- and V26F/M29F--DNA complexes. The Phe29 side chain of the M29F protein, together with the side chain of residue Val26, penetrates perpendicularly to the C2-G15/G3-C14 base pair planes, but the Phe26 side chain of the V26F/M29F protein acts as a parallel base-stacking intercalator ([Figure 4a and b](#fig4){ref-type="fig"}). Remarkably, the phenylalanine residues in other minor groove DNA-binding proteins, such as TBP, HMG1, SRY, LEF-1 and Sox2, make contact with DNA in a similar manner.

The structures of the TBP--DNA complexes ([@b15]--[@b17]) reveal two pairs of phenylalanine residues partially intercalating into base steps, creating two ∼45° kinks at either end of the TATA element ([Figure 4c](#fig4){ref-type="fig"}). Interestingly, the Sac7d V26F/M29F mutant also uses a pair of the Phe side chains to stabilize its kink site in the minor groove in a similar way. Phe26 is parallel to the DNA G3 base at a distance 4.3 Å, and Phe29 is stacked against the deoxyribose ring of G15.

In the HMG1/cisplatin-modified DNA complex, the DNA is kinked, induced by the platinum crosslink that destacks the G8--G9 purine ring and exposes their hydrophobic surfaces in the minor groove ([@b22]). Like the Phe intercalators seen in TBP or Sac7d V26F/M29F complex with DNA, the phenyl ring of Phe32 at the amino terminus of helix II serves as a wedge and intercalates into the hydrophobic cleft and stacks onto the G9 base at a distance 3.5 Å ([Figure 4d](#fig4){ref-type="fig"}).

SRY ([@b23]) and LEF-1 ([@b24]) are members of the high-mobility group of proteins that bind DNA sequence-specifically and are expressed in a few cell types. LEF-1 uses a methionine (Met10) residue for intercalation at the ApA step. Additional stabilizing contacts at the binding site are made by Phe9 and Met13 to nearby bases. The aromatic ring of Phe9 stacks against the hydrophobic surface of the T8 deoxyribose ([Figure 4e](#fig4){ref-type="fig"}). The side chain of Ile in SRY, corresponding to the Met of LEF-1, also penetrates partly into the central ApA step of the DNA octamer. The wedged Phe12 is positioned orthogonally to the base edges of the minor groove and packed against the bases at the TpT step ([Figure 4f](#fig4){ref-type="fig"}).

In the Oct1/Sox2/FGF4 ternary complex ([@b25]), the HMG domain of Sox2 severely bends the DNA toward the major groove with an approximate overall bending angle of 90°. The hydrophobic side chains of Phe10 and Met11, same as that of LEF-1, are inserted between the ApA step and causing a ∼45° kink angle of the DNA axis. But the Sox2/DNA interaction pattern is more closely related to that of the SRY/DNA complex. The Phe side chains in these two proteins, instead of stacking on DNA deoxyribose, contact with the DNA bases at the TpT step in a similar way.

As noted above, a bulky hydrophobic side chain (Phe or Met) is favored at the site of insertion into the base stack. Together with another aromatic residue (Phe or Tyr), they support the penetrating side chain to pry open the minor groove through extensive van der Waals contacts with deoxyribose. In contrast, the phenylalanine side chain together with another smaller residue (Val) could intercalate into DNA perpendicularly as observed in the Sac7d M29F--DNA complexes. Despite the different modes of intercalation in DNA, the proteins bind exclusively in the minor groove and induce the helix unwinding, minor groove expansion and DNA bending. Although accomplished through very different 3D folds and structure motifs, the minor groove DNA-binding proteins that have the same combinations of hydrophobic intercalating side chains seem to interact with DNA in a similar way.

All Sac7d mutants form less extensive contacts with the backbone of the DNA due to the fact that only 6 (Lys3, 7, 9, 22, 28 and 65) of the 14 lysines are potentially involved in the hydrogen bonding interactions with phosphates. Instead, the complexes are stabilized by base-specific hydrogen bonds (Trp24 N^ɛ1^ with adenine or guanine-N3 and Arg42 NH1 or NH2 with thymine-O2), water-mediated contacts with DNA bases and hydrophobic interactions of residues 26 and 29 with DNA. The *T*~m~ of DNA in the M29F--DNA complex is lower than that in the V26F/M29F--DNA complex by about 10°C (Table 2S). This may be due to the absence of the phenylalanine/base stacking interactions. It illustrates the importance of the stacking forces between hydrophobic side chains and DNA. Any loss of the DNA base--base stacking energy would be compensated by the extensive van der Waals interactions between DNA and phenylalanine rings. In all Sac7d mutant--DNA complexes, we observed base-specific hydrogen bonds and water adapters in a manner similar to one another, whereas the hydrophobic interactions at the intercalation site provide major contribution to the difference of binding affinity between Sac7d mutants and DNA. The DNA-binding affinities of the non-sequence-specific HMG-D mutants suggest that intercalation by the primary residue Met13 is important for high affinity DNA binding ([@b47]). The M13F mutant has affinity most similar to wt-HMG-D, whereas the other mutants with small residues have decreasing affinities (*Kd*~mut~/*Kd*~wt~: 0.9 for M13F; 5.8 for M13A). This property emphasizes the importance of hydrophobic interactions in stabilizing these protein--DNA complexes.

In conclusion, DNA bending has long been recognized as an important component of biological activity. Intercalation represents an important mechanism by which protein-induced DNA bending can occur. The crystal structures of Sac7d mutants bound with DNA help elucidate the molecular basis of how different binding combinations of hydrophobic side chains are able to modulate the extent of DNA curvature.
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![Sac7d-DNA interface. (**a**) Ribbon diagram of Sac7d V26F/M29F-GCGATCGC complex with two intercalating phenylalanine residues depicted as ball and stick. The aromatic ring of Phe26 residue stacks with the G3 base, whereas the phenyl ring of Phe29 is stacked on the deoxyribose of G15. (**b**) The (2*F*~o~ − *F*~c~) Fourier electron density maps of the V26AM29A--GCGATCGC complex (contoured at 1.5σ level) in the regions at the protein--DNA interface (upper panel). The indole NH group of Trp24 forms hydrogen bond (3.0 Å) to the base N3 of A4. Adjacent to the intercalating site, Ser 31 (OG) forms a water-mediated hydrogen bond with C14 O2 (lower panel).](gki191f1){#fig1}

![Two modes of DNA bending. (**a**) The structure of V26A/M29A--DNA complex (right) and schematic diagram (left) stress gradual curvature by smooth bending. (**b**) The structure of M29F--DNA complex shows localization of curvature by kinked bending from minor groove of DNA. The contributions of each base-pair-step curvature to overall helix bending are listed with corresponding base-pair numbers. (**c**) Local base-pair step parameter, roll, for all eight Sac7d mutant--DNA binary structures, calculated using the X3DNA program. Note the largest roll at certain kinked step (G3pA4 in V26A/M29A, C2pG3 or A3pA4 in the others).](gki191f2){#fig2}

![Variations in Sac7d-DNA interactions. (**a**) The local structures of the M29A-- (cyan) and wt-Sac7d-- (red) in complex with GTAATTAC are superimposed at the intercalation site. In the M29A structure the isopropyl group of Val 26 penetrates horizontally into DNA base step, but in the wt-Sac7d structure (and other mutants), it intercalates vertically. The electron density map (contoured at 1.5σ level) of the side chain Val26 in M29A is shown in yellow. (**b**) V26A/M29A--GCGATCGC and (**c**) V26F/M29F--GCGATCGC complexes, colored in cyan, were superimposed on the wild-type Sac7d--DNA structures, colored in red. The side chain of Arg42 is flipped to opposite side and forms new hydrogen bonds (dashed lines), and the side chain of Ser31 is also rotated in both double mutant complexes.](gki191f3){#fig3}

![Local structures of the minor groove-binding proteins. (**a**) Sac7d V26F/M29F, (**b**) Sac7d M29F, (**c**) yTBP, (**d**) HMG1, (**e**) LEF-1 and (**f**) SRY in complex with DNA are displayed near the intercalation sites. The polypeptide backbones are shown in purple, the side chains in coral and the DNA in gold.](gki191f4){#fig4}

###### 

Crystal and refinement data of Sac7d mutant--DNA complexes

                                              V26A                  V26A                  M29A                  M29A                  V26A/M29A             M29F                  M29F                  V26F/M29F[a](#tf1-1){ref-type="table-fn"}
  ------------------------------------------- --------------------- --------------------- --------------------- --------------------- --------------------- --------------------- --------------------- -------------------------------------------
  Crystal data                                                                                                                                                                                          
      a (Å)                                   35.39                 36.11                 34.51                 35.92                 37.78                 38.22                 31.24                 36.90
      b (Å)                                   48.23                 50.44                 49.52                 47.97                 47.28                 47.89                 50.05                 47.18
      c (Å)                                   69.58                 78.15                 76.57                 77.78                 52.65                 52.49                 35.77                 60.26
      β (degree)                                                                                                                                            102.7                 108.9                 
      Space group                             P2~1~2~1~2~1~         P2~1~2~1~2~1~         P2~1~2~1~2~1~         P2~1~2~1~2~1~         P2~1~2~1~2~1~         P2~1~                 P2~1~                 P2~1~2~1~2~1~
      Light source                            Micro Max 002         MicroMax 002          MicroMax 002          NSRRC BL17B2          NSRRC BL17B2          MicroMax 002          MicroMax 002          BL17B2 NSRRC
      Resolution (Å)                          2.20                  2.20                  1.80                  1.60                  1.45                  1.90                  1.70                  1.50
      No. of reflections                      5996                  7491                  12317                 17958                 17344                 14849                 11165                 16734
      R~merge~ (%)                            4.3                   4.2                   4.5                   4.9                   4.7                   4.9                   2.7                   6.0
      R~merge~ at the highest shell (%)       26.1 (2.28--2.20 Å)   40.3 (2.28--2.20 Å)   26.4 (1.86--1.80 Å)   49.9 (1.66--1.60 Å)   39.5 (1.50--1.45 Å)   26.9 (1.97--1.90 Å)   6.8 (1.76--1.70 Å)    38.9 (1.55--1.50 Å)
      Completeness (%)                        94.9                  97.1                  96.6                  98.0                  99.4                  98.6                  94.4                  95.7
      Completeness at the highest shell (%)   77.7 (2.28--2.20 Å)   88.8 (2.28--2.20 Å)   94.3 (1.86--1.80 Å)   96.8 (1.66--1.60 Å)   99.1 (1.50--1.45 Å)   93.4 (1.97--1.90 Å)   85.4 (1.76--1.70 Å)   94.2 (1.55--1.50 Å)
  Refinement data                                                                                                                                                                                       
      No. of reflections                      5781                  7147                  11945                 17132                 16568                 14194                 10915                 16272
      R~working~/R~free~ (5% data)            0.228/0.286           0.225/0.255           0.227/0.274           0.210/0.238           0.214/0.255           0.220/0.285           0.176/0.226           0.214/0.230
      r.m.s.d. bond distance (Å)              0.010                 0.016                 0.014                 0.017                 0.016                 0.016                 0.014                 0.015
      r.m.s.d. bond angle (deg.)              1.54                  1.58                  1.84                  1.79                  1.90                  1.78                  1.83                  1.72
      No. of atoms (protein/DNA)              531/322               531/322               530/322               513/322               520/322               1029/644              519/322               532/322
      No. of waters                           58                    95                    144                   140                   207                   156                   235                   191
      Accession number                        1WTW                  1WTX                  1WTR                  1WTV                  1XYI                  1WTP                  1WTQ                  1WTO

^a^MAD data were collected at the beam line BL18B of PF (KEK).

###### 

Comparisons of the base-pair steps at the place of insertion, the intercalating protein side chains and the DNA kink angle of minor groove binding protein--DNA complexes

  Protein                                      Amino acid         Step     Kink angle (°)                                                      Reference
  -------------------------------------------- ------------------ -------- ------------------------------------------------ ------------------ -----------------
  Wt-Sac7d/Sso7d                               V, M               CpG      62 (∼70)[a](#tf2-1){ref-type="table-fn"}         β-sheet            ([@b10],[@b11])
                                                                  ApA      60 (∼70)[a](#tf2-1){ref-type="table-fn"}                            
  Sac7d mutants                                                                                                                                
      V26A/M29A                                A, A               GpA      29 (∼52)[a](#tf2-1){ref-type="table-fn"}         β-sheet            This work
      V26F/M29F                                F, F               CpG      58 (∼68)[a](#tf2-1){ref-type="table-fn"}                            This work
      V26A                                     A, M               CpG      55 (∼69)[a](#tf2-1){ref-type="table-fn"}                            This work
                                                                  ApA      54 (∼68)[a](#tf2-1){ref-type="table-fn"}                            
      M29A                                     V, A               CpG      55 (∼66)[a](#tf2-1){ref-type="table-fn"}                            This work
                                                                  ApA      49 (∼60)[a](#tf2-1){ref-type="table-fn"}                            
      M29F                                     V, F               CpG      70 (∼80)[a](#tf2-1){ref-type="table-fn"}                            This work
                                                                  ApA      58 (∼68)[a](#tf2-1){ref-type="table-fn"}                            
      aTBP                                     F, F               TpA      45                                               β-sheet            ([@b15])
                                               F, F               ApG      45                                                                  
      yTBP, hTBP                               F, F               TpA      45                                               β-sheet            ([@b16],[@b17])
                                               F, F               ApA      45                                                                  
      PurR                                     L, (L′)            CpG      45                                               hinge α-helix      ([@b18])
      LacI                                     L                  CpG      45                                               (leucine levers)   ([@b19])
      IHF                                      P                  ApA      59 (\>160)[a](#tf2-1){ref-type="table-fn"}       β-ribbon arms      ([@b20])
      HU                                       P                  TpT      57 (∼105--140)[a](#tf2-1){ref-type="table-fn"}                      ([@b21])
  HMG group                                    L-shaped 3-helix                                                                                
      Specific                                                                                                                                 
      HMG1                                     F                  Pt-GpG   61                                                                  ([@b22])
      SRY[b](#tf2-2){ref-type="table-fn"}      I, (F)             ApA      65 (∼75)[a](#tf2-1){ref-type="table-fn"}                            ([@b23])
      LEF-1[b](#tf2-2){ref-type="table-fn"}    M, (F)             ApA      52 (∼90)[a](#tf2-1){ref-type="table-fn"}                            ([@b24])
      POU/HMG/DNA (Oct1/Sox2/FGF4)             M, (F)             ApA      45 (∼90)[a](#tf2-1){ref-type="table-fn"}                            ([@b25])
      Non-specific                                                                                                                             
      HMG-D                                    M                  TpA      49                                                                  ([@b26])
                                               A                  ApT      21                                                                  
                                               V, T               GpA      32 (∼111)[a](#tf2-1){ref-type="table-fn"}                           
      yNHP6A[b](#tf2-2){ref-type="table-fn"}   M, (Y)             TpG      25                                                                  ([@b28])
                                               F                  TpT      20 (∼70)[a](#tf2-1){ref-type="table-fn"}                            

^a^Overall bending angle of DNA in parenthesis.

^b^NMR structure.
